The current paper gives an overview of the newly obtained thermal expansion coefficients of skutterudites as well as those so far available in literature. Thermal expansion was determined for CoSb 3 , Pt 4 Sn 4.4 Sb 7.6 , for As-and Ge-based skutterudites as well as for various high-ZT skutterudites ͑micro-and nanostructured͒ with didymium ͑DD͒ and mischmetal ͑Mm͒ as filler atoms in frameworks of ͑Fe 1− For low temperatures, a capacitance dilatometer was used ͑4-300 K͒, whereas for temperatures 300Ͻ T Ͻ 750 K, a dynamic mechanical analyzer was employed. For a set of Ge-, P-, and Sb-based skutterudites, lattice parameters of single crystals, measured at three different temperatures, were used to derive the thermal expansion coefficient. The semiclassical model of Mukherjee ͓Phys. Rev. Lett. 76, 1876 ͑1996͔͒ has been successfully used to quantitatively describe the thermal expansion coefficient in terms of Einstein and Debye temperatures, which compare well with the corresponding results from specific heat, electrical resistivity, or temperature dependent x-ray measurements.
I. INTRODUCTION
Thermoelectric generators directly convert heat flow into electrical power. Energy conversion efficiency of thermoelectric materials is a function of the dimensionless thermoelectric figure of merit ZT= S 2 T / ͑͒, where S is the Seebeck coefficient, T is the temperature, is the electrical resistivity, and is the thermal conductivity. With thermoelectric energy conversion efficiencies of more than 10% ͑ZTՆ 1͒, skutterudites have been considered as suitable thermoelectric generator materials for an application range 300-700 K. For a flawless long-term and cyclic temperature performance of thermoelectric devices, it is essential that thermal expansion coefficients of p-and n-legs as well as of contacting materials are chosen as similar as possible. Already in the 1990s in the Jet Propulsion Laboratory not only transport behavior of skutterudites but also related problems such as thermal expansion were investigated; however, at that time thermal expansion coefficients were only reported for CoSb 3 , 1,2 RhSb 3 , 1 and IrSb 3 . 1, 3, 4 From our comprehensive literature search in two major electronic libraries, chemical abstracts service ͑CAS͒ and INSPEC, scanning entries up to 2009, it became obvious that only a few research groups have dealt with thermal expansion ͑see data and references in Table II͒ . Besides these directly accessible data on thermal expansion, all data in literature were collected, which allowed us to extract thermal expansion coefficients. Therefore, the aim of the present work is threefold: ͑i͒ to supply new data on thermal expansion from a series of high ZT pand n-type skutterudites, ͑ii͒ to extract thermal expansion from experimental data in literature, where expansion coefficients have not yet been evaluated by the authors, and ͑iii͒ a general discussion of all thermal expansion data available covering antimony-, phosphorous-arsenic-, and germanium-based skutterudites. It is interesting to note that our literature search did not reveal any expansion data on arsenide skutterudites. The experimental work presented herein is concerned with skutterudites ͑micro-and nanostructured͒ where didymium ͑DD͒ ͑4.76% Pr and 95.2% Nd͒ and mischmetal ͑Mm͒ ͑50.8% Ce, 28.1% La, 16.1% Nd, and 5.0% Pr͒ act as filler atoms in the frameworks of ͑Fe 1−x Co x ͒ 4 Sb 12 Lattice constants for polycrystalline powders were obtained at room temperature from Guinier x-ray diffraction data, applying Cu K␣ 1 radiation and employing a least squares evaluation with the program STRUKTUR. 17 Chemical composition and microstructure were determined by electron probe microanalysis ͑EPMA͒. Filling levels were obtained from combined evaluation of EPMA and Rietveld x-ray pattern refinements. Lattice parameters of skutterudite single crystals were obtained at three different temperatures ͑300, 200, and 100 K, N 2 cooling the crystal͒ from an Enraf Nonius Kappa charge-coupled device instrument with monochromatic Mo K␣ radiation under a flow of equilibrated nitrogen gas from a cryostat. LaFe 4 As 12 and PrFe 4 As 12 are single crystals, grown from elements with purities Ͼ99.9% by using a molten metal flux method at high temperature and pressure. Details on growth, structural, and physical properties are reported elsewhere. [18] [19] [20] The thermal expansion from 4.2 to 300 K was measured in a miniature capacitance dilatometer, 21 using the tilted plate principle. 22, 23 For this measurement, the sample is placed in a hole of the lower ringlike capacitance plate made of silver, which is separated from the silver upper capacitor plate by two needle bearings. All 7.6 , and both Ge-and As-based samples were measured with this low temperature capacitance dilatometer. For the measurement of the thermal expansion at a temperature range from 300 to 700 K, a dynamic mechanical analyzer DMA7 ͑Perkin Elmer Inc.͒ was employed. The sample is positioned in a parallel plate mode with a quartz rod on top of the sample and data are gained using the thermodilatometric analysis ͑TDA͒. TDA is often referred to as zero force thermomechanical analysis. With this method the change in the dimension of a sample is measured while subjected to a temperature change without using any force. The length of the sample is measured via the movement of the quartz rod. This movement is detected using electromagnetic inductive coupling. The absolute length l and the length change ⌬l are acquired with a resolution of 10 nm, 24 for further details see also Refs. Time of flight of sound pulse measurements were performed on cylinders with a frequency of 10 MHz using a home made equipment 27 to provide the data for longitudinal ͑v l ͒ and shear ͑transversal͒ ͑v s ͒ sound velocities. Figures 1 and 2 show the thermal expansion ⌬l / l of the aforementioned skutterudites as a function of temperature. In Fig. 1 , the data from the low temperature measurements are displayed, and those from the high temperature measurements in Fig. 2 .
III. RESULTS AND DISCUSSION
From Fig. 1 , it is obvious that ⌬l / l 0 of all measured skutterudites decreases linearly in temperature from room temperature to about 150 K, whereas for temperatures below 150 K, a nonlinear behavior is evident. The thermal expansion coefficient ␣ follows from a temperature derivative of the length change, i.e.,
␣ was calculated in the temperature range from about 150 to 300 K. The thermal expansion coefficients derived in the present article together with data available in the literature are listed in ͑120-220 K͒. This value fits well to the dependency of DD and Mm alloys shown in Fig. 4 . The lattice parameter of a cubic material at varying temperatures is in relationship to the thermal expansion coefficient gained from TDA or capacitance data via the relation
where a x is the lattice parameter at the temperature x. For most of our calculations, we used the lattice parameter a gained from precise x-ray diffraction data on polycrystalline or single crystal specimens. Figure 5 gives an overview of the temperature dependent lattice parameters of all measured DD and Mm samples and shows that the slopes do not differ very much. Figures 3 derived the thermal expansion coefficient ␣ = 6.69ϫ 10 −6 K −1 for IrSb 3 from x-ray data in the temperature range from 300 to 673 K in good agreement with our calculation, ␣ = 6.89ϫ 10 −6 K −1 , using the lattice parameters of Kjekshus 9 ͓see Fig. 7͑a͔͒ . Both values are lower than the thermal expansion ␣ =8ϫ 10 −6 K −1 found by Kjekshus earlier. 4 In Fig. 7͑a͒ , the data for the DD and Mm skutterudites based on Sb are compared with the corresponding La, Ce, Pr, Nd, Eu, and Yb skutterudites. The almost identical slopes, i.e., the expansion coefficients ␣, again show that ␣ is almost insensitive to the filler elements as already concluded above. All thermal expansion coefficients of the P-based skutterudites were calculated from lattice parameters obtained from single crystal measurements. It is remarkable that all thermal expansion coefficients of P-based skutterudites MOs 4 P 12 ͑M = La, Ce, Pr, Nd, Sm͒, in a range ͑4. 8 ger covalent bonding in the P framework than in the Sb framework. Figure 7͑c͒ shows a good agreement between the lattice parameters of the Ge-based skutterudites gained from single crystal measurements and those extracted from thermal expansion measurements. The thermal expansion coefficients are in the range of Sb-based skutterudites. Both arsenide samples ͓Fig. 7͑d͔͒, PrFe 4 As 12 ͑␣ = 10.3ϫ 10 −6 K −1 ͒ and LaFe 4 As 12 ͑␣ = 9.25ϫ 10 −6 K −1 ͒, show a smaller thermal expansion coefficient than their Sb-based counterparts PrFe 4 Sb 12 ͑␣ = 11.21ϫ 10 −6 K −1 ͒ and LaFe 4 Sb 12 ͑␣ = 11.69 ϫ 10 −6 K −1 ͒. The inset of Fig. 8 shows the low temperature thermal expansion of PrFe 4 Sb 12 below 25 K. In agreement with measurements of electrical resistivity, specific heat, elastic constants, and magnetization, 18, 19 a magnetic phase transition at T C = 18 K becomes obvious also from ⌬l / l 0 versus T. At T ‫ء‬ = 12 K, a second phase transition ͑found from susceptibility, magnetization, and specific heat measurements 19 ͒ is evident from a change in the slope of ⌬l / l 0 versus T.
To analyze the thermal expansion as a function of temperature in the full temperature range, we followed a semiclassical treatment by Mukherjee ͑details are described in Ref. 16͒ taking into account three-and four-phonon interactions, considering an anharmonic potential, and using both the Debye model for the acoustic phonons and the Einstein approximation for the optical modes. The length change ⌬l / l͑T 0 ͒ is given by
where ␥ is the electronic contribution to the average lattice displacement, D is the Debye temperature, E is the Einstein temperature, and p is the average number of phonon branches actually excited over the temperature range. G, F, c, and g are further material dependent constants. The Debye and Einstein temperatures, D and E were obtained from least squares fits of Eq. ͑3͒ to the experimental data. Fits were performed for all skutterudites measured in the low temperature range and exemplary graphs are shown for Ca 0.07 Ba 0.23 Co 3.95 Ni 0.05 Sb 12 ͑Fig. 6͒, and for DD 0.76 Fe 3.4 Ni 0.6 Sb 12 ͑Fig. 9͒, the two Ge-based ͑Fig. 10͒, and the two As-based ͑Fig. 8͒ skutterudites. Debye temperatures are in very good agreement with those gained from fits to resistivity data 5, 7 and in the case of the BaPt 4 Ge 12 and PrFe 4 As 12 in good agreement with calculations from heat capacity. 30, 19 For UPt 4 Ge 12 the value for the Einstein temperature is almost the same as the one gained from the atomic displacement parameters. 
where m is the atomic mass of the rattling atoms. From the linear slope ⌬U ii / ⌬T in Fig. 11 ͑high temperature approximation for h Ӷ 2k B T͒, the force constants K ii = ͑k B ⌬T͒ / ⌬U ii , the frequency of vibrations ii =1/ 2͑K ii / m͒ 1/2 , and finally the Einstein temperature E,ii = ͑h· ii ͒ / k B can be extracted. For further details, see Ref. 32 . tional spectra of thermoelectric materials where scattering of heat carrying phonons on rattling modes helps to reduce bulk thermal conductivity as a key route to improve the thermoelectric figure of merit. Despite the fact that there is no real physical explanation for a relation between the figure of merit ZT and the thermal expansion coefficient ␣, one could get the impression from Fig. 12 that a higher ZT is related to a higher ␣ or vice versa.
Although thermal expansion coefficients are not available for all corresponding members of P-, Ge-, As-, and Sbbased skutterudite families, a general trend emerges from Table II, i.e., big values for Sb-based, middle sized values for As-and Ge-based and smallest values for P-based skutterudites, documenting the increasing covalent bonding strength within the framework cages ͑see Fig. 13͒ .
IV. CONCLUSIONS
This paper presents a comprehensive evaluation of thermal expansion data on skutterudites combining new measurements with all data hitherto available in the literature. Thermal expansion coefficients ␣ for Sb-based skutterudites were found to be about double the size of P-based skutterudites. Although the differences in thermal expansion within DD y ͑Fe 1−x Co x ͒ 4 Sb 12 and within Mm y ͑Fe 1−x Co x ͒ 4 Sb 12 samples are negligible, an increasing amount of fillers and of Fe content increases the thermal expansion. The influence of the filling level in combination with the Fe content on thermal expansion may be the reason that all Co-based n-type skutterudites investigated have a smaller thermal expansion coefficient than our Fe-based p-type skutterudites. The grain size does not affect the thermal expansion. Fits of the thermal expansion measurements by means of the semiclassical treatment of Mukherjee proved well, by achieving Debye and Einstein temperatures very close to those from resistivity, sound velocity, or specific heat measurements. The Einstein temperatures derived are consistent with low frequency modes of the filler atoms ͑rattling modes͒, which reduce thermal conductivity via scattering of heat carrying phonons. 
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